We present the pressure-volume-temperature (P-V-T) equation of state of polycrystalline (Mg 0.06 Fe 0.94 )O (Mw94) determined from laser-heated X-ray diffraction experiments up to 122 GPa and 2100 K, conditions approaching those of the deep mantle. We conducted two sets of experiments, one with an in situ Fe metal oxygen fugacity buffer and one without such a buffer. The internal pressure markers used in these experiments were B2-NaCl and hcp-Fe in the buffered experiment and B2-NaCl in the unbuffered experiment. In the sampled P-T range of the high temperature part of this study, only the B1 structure of Mw94 was observed, indicating that the addition of Mg to FeO stabilizes the B1 phase with respect to the B8 phase at these conditions. Both datasets were fit to a Birch-Murnaghan and Mie-Grüneisen-Debye thermal equation of state using a new open-source fitting routine, also presented here. Analysis of these data sets using the same internal pressure marker shows that the P-V-T data of Mw94 obtained in the unbuffered experiment are well explained by the equation of state parameters determined from the buffered data set. We have also compared the thermal equation of state of Mw94 to that of wüstite and conclude that Mw94 has measurably distinct thermoelastic properties compared with those of wüstite. We use the results obtained in the buffered experiment to determine the density and bulk sound velocity of Mw94 at the base of the mantle and compare these values to geophysical observations of ultralow-velocity zones.
1. Introduction
Motivation
Iron-poor members of the periclase-wüstite (MgO-FeO) solid solution may comprise up to 20% of the Earth's lower mantle. According to the ''pyrolite" model, the chemistry of this phase contains 10-20% FeO (Ringwood, 1975) . The simplest assumption is that the lower mantle is homogeneous, yet seismic studies reveal discontinuities and lateral heterogeneity in the deep mantle that suggest lateral chemical inhomogeneities (Garnero et al., 2007) . Chemical analyses of magma associated with hotspot volcanism from mantle plumes reportedly sourced from the lower mantle also give evidence for chemical heterogeneity, promising a more complex lower mantle (Mukhopadhyay, 2012) . To understand the role of (Mg,Fe)O in these variations, the thermodynamic and elasticity systematics of ferropericlase, (Mg 1Àx Fe x )O with x < 0:5, has been extensively studied as a function of composition, pressure, and temperature. However, more iron-rich compositions of (Mg, Fe)O have not been explored in the same detail.
Ultralow-velocity zones (ULVZs) at the core-mantle boundary give insight into the chemical heterogeneity of the lowermost mantle. As their name implies, ULVZs are characterized by very low seismic wave velocities (10-30%) (e.g. Garnero and Helmberger, 1998; Helmberger et al., 2000; Rost et al., 2006; Sun et al., 2013) . Requiring concomitant density increase and sound velocity decrease with respect to the surrounding mantle, ULVZs are best explained by Fe-enrichment. Recent considerations of a crystallizing primordial magma ocean show that enrichment of Fe in the lowermost mantle is possible, preserved as either ironrich solids or residual melt (Labrosse et al., 2007; Lee et al., 2010; Nomura et al., 2011) .
Incorporation of 40% Fe into magnesium silicate post-perovskite has been found to reduce shear wave velocities to 33% lower than that of the 1D Preliminary Reference Earth Model (PREM) (Mao et al., 2006; Dziewonski and Anderson, 1981 ). An iron-rich oxide, namely (Mg 0.16 Fe 0.84 )O, also has low shear wave velocities-50% lower than that of PREM (Wicks et al., 2010) also been suggested as a plausible mechanism (Williams et al., 1998; Lay et al., 2004; Labrosse et al., 2007) .
Dynamic models have been used to explore the stability and topology of ULVZs to differentiate the observable characteristics of various candidate assemblages. Hernlund and Tackley (2007) found that the amount of partial melt required to decrease the sound velocities of a phase assemblage to match ULVZs would percolate and pool at the base of the mantle, a result that could be prevented if the ULVZ were stirred (Hernlund and Jellinek, 2010) . Dynamic models exploring solid ULVZs show that ULVZ shape can be correlated to chemical density anomaly, which in turn can be used to explore the tradeoff between density and sound velocities of (Mg,Fe)O and bridgmanite (Bower et al., 2011; Sun et al., 2013) .
We are motivated, therefore, to measure the pressure-volumetemperature equation of state of iron-rich (Mg,Fe)O, so that the density of iron-rich ULVZs can be properly modeled, and the relationship between sound velocity and density can further constrain the composition of ULVZs.
Previous experimental studies
Previous pressure-volume-temperature (P-V-T) studies have shown that the MgO-FeO solid solution is complicated by the existence of phase transitions, a spin transition, and defect clustering as a function of FeO component (e.g. Lin et al., 2003; Fei et al., 2007a; Lin et al., 2005; Speziale et al., 2005; Kantor et al., 2009; Mao et al., 2011) . The MgO endmember is known to be cubic beyond the pressure and temperature conditions of the Earth's mantle (Duffy and Ahrens, 1993) . The FeO endmember is thought to be cubic at the pressures and temperatures of the interior of the Earth, but at lower temperatures is found to transform to a rhombohedral structure at moderate pressures (e.g. Shu et al., 1998) and to the B8 NiAs structure at higher pressures (e.g. Fei and Mao, 1994; Fischer et al., 2011b) .
At 300 K, iron-rich (Mg,Fe)O undergoes a cubic to rhombohedral phase transition at 8-40 GPa, with a phase transition pressure sensitive to both composition and hydrostaticity. Studies of the bulk modulus at 0 GPa as a function of composition show differing trends due to sample stoichiometry. Studies of non-stoichiometric, ironrich (Mg,Fe)O show that both K S and K T decrease as a function of Fe concentration (Jacobsen et al., 2002; Richet et al., 1989) , where K S is determined from measurements of volume, composition, and of V P and V S using ultrasonic interferometry, and K T is determined in a P-V compression study. The trend is opposite for stoichiometric samples, where ultrasonic interferometry studies for iron-poor samples display a positive trend of K S with increasing iron content (Jacobsen et al., 2002) . In the iron endmember, K T does indeed depend on stoichiometry, with Fe 0.99 O being much less compressible than Fe <0.98 O (Zhang and Zhao, 2005) .
, has been shown to be insensitive to Fe content for Mg-containing ferropericlase (Zhang and Kostak, 2002; Westrenen et al., 2005; Komabayashi et al., 2010; Mao et al., 2011 ). Yet, it appears to be sensitive to defect concentration. In the Fe end member, a is about 30% larger for Fe 0.942 O than Fe 0.987 O at pressures and temperatures up to 5.4 GPa and 1073 K (Zhang and Zhao, 2005) . In this study, we aim to determine the P-V-T equation of state for (Mg 0.06 Fe 0.94 )O at conditions approaching those of the deep mantle to constrain the thermoelasticity of iron-rich (Mg,Fe)O and to see if these aforementioned trends apply to iron-rich (Mg,Fe)O.
Experimental considerations
In this paper we discuss two types of experiments, ''buffered" and ''unbuffered". In previous high-PT experiments on wüstite, an in situ Fe metal oxygen buffer has been used (Fischer et al., 2011b; Seagle et al., 2008; Ozawa et al., 2010) . The motivation of using such a buffer has been to decrease the vacancy population of wüstite at high pressures and temperatures, as some studies indicate that the thermoelastic properties of wüstite vary as a function of vacancy concentration (Zhang and Zhao, 2005) .
Materials and methods
Polycrystalline (Mg 0.06 57 Fe 0.94 )O was synthesized from 57 Fe (95% enriched, Isoplex) and MgO powders in a 1 atm gas-mixing furnace at 1673 K for two runs of 20 h each. A H 2 /CO 2 gas mixture was used to control the oxygen fugacity of the synthesis to just above that of the iron-wüstite fugacity buffer (log f O 2 ¼ À9). Sample composition was measured using a JEOL-JXA-8200 electron microprobe, reporting a composition of (Mg .058(1) Fe .942 (1) )O, where the number in parentheses is the error on the last digit. A conventional Mössbauer spectrum (Fig. 1, inset) caps the ferric content at 5% of the total iron, thus capping the vacancy concentration at 5%.
Two experiments were conducted in this study. For the unbuffered experiment, a symmetric diamond anvil cell with 300 lmculet diamonds was prepared. (Mg 0.06 Fe 0.94 )O, hereafter referred to as Mw94, was lightly ground with NaCl powder (1:1 by volume) in an agate mortar under ethanol, allowed to dry, then pressed into a pellet. This mixture was loaded between two thin NaCl plates (<10 lm), and the remaining space in the rhenium gasket sample chamber was filled with neon using the COMPRES/GSECARS gasloading system . To keep the NaCl dehydrated, the pellet was consistently stored in a desiccator when not in use, and the loaded diamond anvil was placed under vacuum for about one hour and purged with argon before being put into the gasloading system. We conducted a second experiment with an in situ Fe metal oxygen buffer for comparison. In this second, buffered, high pressure experiment, 250 lm-culet diamonds were used. Otherwise, the preparation differed in that the sample pellet (Mw94 and NaCl) also included Fe metal (1:1 Mw94:Fe by weight) as an in situ oxygen buffer and pressure marker. Thus, both experiments contained an intimate mixture of Mw94 and NaCl in the sample pellet, so that NaCl may be used as a common pressure marker to compare the results of the buffered and unbuffered experiments.
The high temperature powder X-ray diffraction (XRD) experiments were conducted at the 13-ID-D beamline (GeoSoilEnviroCars) at the Advanced Photon Source, Argonne National Laboratory. Using an incident X-ray beam of k ¼ 0:3344 Å and focus spot size of 4 lm Â 4 lm, angle-dispersive X-ray diffraction patterns were recorded onto a MAR165 CCD detector and subsequently integrated using Fit2D (Hammersley et al., 1996) . CeO 2 was used to calibrate the sample to detector distance at 1 bar. Samples were compressed to about 35 GPa at room temperature before heating. High temperatures were achieved in situ by laser heating from both sides by 1.064 lm Yb fiber lasers with 'flat top' profiles and temperatures were determined spectroradiometrically (e.g. Heinz and Jeanloz, 1987; Shen et al., 2001) using the gray body approximation over the 600-800 nm range of thermal emission. Temperatures were measured during the collection of the diffraction patterns. In the buffered experiment, only the upstream temperatures were used due to technical difficulties with the downstream temperature determinations. The diffraction peaks were relatively sharp compared to ambient temperature data, indicating that temperature gradients are likely small. Example XRD patterns are shown in Fig. 1 .
The 2h angles corresponding to lattice reflections of (Mg 0.06 Fe 0.94 )O, NaCl, Fe, and Ne were determined by fitting the patterns with Voigt peaks using Igor Pro (WaveMetrics, Lake Oswego, OR, USA). In the multi-peak fitting routine in Igor Pro, XRD pattern backgrounds were fit locally with a cubic function. Unit cell volumes were determined using unweighted linear regression using the Unit Cell refinement software package (Holland and Redfern, 1997) , which assumes a minimum uncertainty of 0.005 degrees on each lattice reflection, with errors on the unit cell weighted by goodness of fit.
Volumes of cubic Mw94 were refined using at least three of the following four reflections: 1 1 1, 2 0 0, 2 2 0, and 3 3 1. hcp-Fe volumes were refined using at least 6 of the 8 following reflections: 1 0 0, 2 0 0, 1 0 1, 1 0 2, 1 1 0, 1 0 3, 2 0 0, and 1 1 2. B2-NaCl volumes were refined using at least 5 of the 6 following reflections: 1 0 0, 1 1 0, 1 1 1, 2 0 0, 2 1 0, and 2 1 1. Neon volumes were determined from at least one of the two reflections: 1 1 1, 2 0 0. Rhombohedral Mw94 volumes were refined from at least 3 of the 5 following reflections: 0 0 3, 1 0 1, 1 0 2, 1 0 4, and 1 1 0.
The B2-NaCl thermal equation of state of Fei et al. (2007b) was used to determine pressure in the unbuffered experiment, and to compare that dataset to the buffered experiment, as each contained an intimate mixture of NaCl and Mw94. Pressures in the buffered experiment were determined using the unit cell volume of hcp-Fe. We used the room temperature equation of state of hcp-Fe given by Dewaele et al. (2006) , with an updated thermal pressure given by Murphy et al. (2011) . The difference between Fig. 1 . Example integrated XRD patterns showing peak identifications for B2-NaCl, hcp-Fe, and Ne. Pressures were determined using the equation of state of B2-NaCl (Fei et al., 2007b) for the unbuffered dataset (top two patterns), and hcp-Fe (Dewaele et al., 2006; Murphy et al., 2011) for the buffered dataset (bottom three patterns). (Mg 0.06 Fe 0.94 )O is rhombohedral at room temperature (Mw R , R-3m) and cubic at high temperature (Mw C , Fm-3m). Unidentified peaks are labeled with *. Arrows indicate location of expected B8 peaks at these conditions . Inset: A conventional Mössbauer spectrum of Mw94 before heating at 1 bar (Wicks, 2013) , with two example fits (no Fe 3+ , green, and 5% Fe 3+ , red.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the two pressure scales is small, with a resulting pressure increase ranging from 0.01 to 0.4 GPa for the Murphy et al. (2011) values. The greatest source of error in these measurements comes from the temperature determination. Past studies have analyzed these sources of error in great detail for experiments conducted in the laser-heated diamond-anvil cell (e.g. Heinz and Jeanloz, 1987; Kavner and Jeanloz, 1998; Panero and Jeanloz, 2001; Shim et al., 2000; Shen et al., 2001; Benedetti and Loubeyre, 2004; Noguchi et al., 2013) . The errors depend heavily on the individual experiments, with cited temperature uncertainties ranging from a few percent to 10 percent. Considering the measured range of standard deviations from multiple measurements for each XRD pattern collected in our study (between 1 and 104 K) and previous reports suggesting an accuracy of such measurements to be between about 100 and 200 K (Shen et al., 2001; Sturhahn and Jackson, 2007; Noguchi et al., 2013) , we report a temperature uncertainty of 100 K.
The error in pressure is a function of the uncertainty in both the volume and temperature of the in situ pressure calibrant (hcp-Fe or B2-NaCl, in this case). However, in determining the correct error assignments for the equation of state fitting, we made adjustments to ensure that errors were not double-counted. Calculated volumes and pressures of the buffered and unbuffered datasets are presented in Tables D.8 and D.9, respectively.
Results

Phase identification
In the P-T range of study, we identified cubic Mw94 at high temperature, and rhombohedral or a mixture of rhombohedral and cubic Mw94 at room temperature. We interpret the mixture to be a result of incomplete back-transformation of the cubic to rhombohedral phase on quench. We plot our phase identifications in Fig. 2 . In the diffraction patterns of the buffered experiment, all peaks could be assigned to known phases in the sample chamber (Mw94, NaCl, Fe, Ne). In the unbuffered experiment, there were a few weak peaks that could not be assigned to known phases of Mw94, NaCl, or Fe. We will return to this topic later in our discussion of stoichiometry. Our cold compression points are shown in gray, bracketing the room temperature cubic-rhombohedral transition between 13 and 24 GPa.
As we did not identify the B8 structure in our P-T range of study, we observe that the addition of Mg to FeO stabilizes the B1 phase with respect to the B8 phase at these conditions. At 300 K, our data bracket the B1 to rhombohedral transition indicated for FeO, but our data coverage at room temperature is not complete enough to make comparisons. At high temperature, our observation of only the cubic structure is inconsistent with those of Kondo et al. (2004) and Ohta et al. (2014) . Kondo et al. (2004) reports an expansion of the stability field of rhombohedrallystructured (Mg,Fe) Ohta et al. (2014) reported a similar rhombohedral phase boundary for (Mg 0.2 Fe 0.8 )O prepared with silica glass as a pressure medium. The use of a neon pressure medium in our experiments could be one explanation for the discrepancy.
Thermal equation of state fitting using MINUTI
The buffered and unbuffered P-V-T data of Mw94 were fit using an open-source thermal equation of state fitting routine (seos) within the MINeral physics UTIility software package, MINUTI version 1.1.1 (Sturhahn, 2015) . We describe the thermal equation of state and parameter fitting here.
The free energy or Helmholtz energy is written as the sum of a term describing the elastic deformation F el and a term describing the lattice vibrations 
The partition function Z gives the contribution of lattice vibrations and is expressed by the phonon density of states ln Z th ðV;
The elastic part of Eq. 1 can be selected to be of type Birch-Murnaghan, Vinet, or logarithmic. In this study, we used a Birch-Murnaghan type, which is given by
In these relations, V 0 is the volume at zero pressure, K 0T is the isothermal bulk modulus at zero pressure, and K 0 0T is the pressure derivative of the isothermal bulk modulus at zero pressure. All values are assumed at a reference temperature T 0 (300 K, in this case). Therefore at the reference temperature the equation of state (EOS) is given by the elastic part only.
The seos program uses the Debye approximation for the phonon density of states which features one volume-dependent parameter, the Debye temperature H. For x 6 k B H DðxÞ ¼ 9
With this approximation, the free energy of the Debye phonon gas is given by (Fei and Mao, 1994; Fischer et al., 2011a; Fischer et al., 2011b; Kondo et al., 2004; Ozawa et al., 2010; Ozawa et al., 2011) . Pressures shown here in the buffered experiment used hcp-Fe as a pressure marker, while pressures in the unbuffered experiment used B2-NaCl. Black dashed line: B1-rhombohedral phase boundary for iron (Mg,Fe)O of varying composition (Kondo et al., 2004) . Error bars shown represent standard deviation of individual temperature measurements.
The thermal pressure now takes the Mie-Grüneisen-Debye form p th ðV;
where c ¼ À@ ln H=@ ln V is the Debye-Grüneisen parameter which is expressed by the seos program using a scaling law
where c 0 ; q, and V 0 are inputs to the program. The expression for the Debye temperature follows via integration of c ¼ À@ ln H=@ ln V to result in
where the Debye temperature, H 0 , is an input to the seos program.
For the data sets presented here, q was fixed to 0.5. In our fit, H 0 was fixed to 426 K, calculated from the measured Debye velocity of the starting material according to the following relation:
where h is Planck's constant, k is the Boltzmann constant, N A is Avogadro's Number, l is the reduced mass, q ¼ 5:94 AE 0:02 g/cc, and V D ¼ 3:075 AE 0:014 km/s (Wicks, 2013) . In this experiment, the equation of state fitting is not sensitive to the Debye temperature, as the temperatures in this experiment are much greater than those of the calculated Debye temperature. For a given pressure p and temperature T, the volume is calculated by solving the thermal EOS
Input data are specified as sets fp i ; V i ; T i ; dp i ; dV i ; dT i g consisting of pressure, volume, temperature, and their uncertainties. The EOS is fitted to these data by variation of parameters by minimizing the normalized mean-square deviation. In seos, some number of the fit parameters may have priors with uncertainties. The weights are determined by uncertainties of the data (see (A) for details).
If data and priors constrain the fit parameters reasonably well a solution with minimal reduced v 2 is obtained. These optimal parameters have errors related to data variation and prior uncertainties. The errors are estimated as variances (square errors) by Eq. A.3. We report the fit-parameter correlation matrix, c jj 0 , for each fitting result in the Appendix. The volume V is calculated based on the EOS, Eq. (3), for various pressures and temperatures as specified in the standard input file. If fit parameters are defined, the temperature-reduced volumes V ri are calculated from the data fp i ; V i ; T i g as
where T 0 is the specified reference temperature. A plot of Vðp i ; T 0 Þ and V ri versus pressure provides an easier visual assessment of deviations between data and model (see examples in Section 3). The equation of state parameters and their associated uncertainties are described in detail in Appendix (B).
Other features, such as F-f plots are also determined from seos (Sturhahn, 2015) , however are not reported in this paper. The seos executable also features a spin crossover form of an equation of state that determines spin contributions (Chen et al., 2012) .
With the best-fit parameters obtained from the thermal equation of state fitting and the fit-parameter correlation matrix, the following parameters can be calculated at a specified temperature over a specified pressure range: isothermal bulk modulus K T , adiabatic seismic velocity V / , and thermal expansion coefficient a, with uncertainties reflecting the reported correlations of the fitted parameters.
Dataset with in situ Fe metal buffer
The equation of state parameters of both cubic and rhombohedral (Mg 0.06 Fe 0.94 )O of the buffered dataset, 38-122 GPa, were fit using pressures given by the equation of state of hcp-Fe (Dewaele et al., 2006; Murphy et al., 2011 Fig. 3 shows the results from this buffered experiment, showing volume as a function of pressure and temperature. Also shown are the volumes measured as we compressed the cell before heating. We did not include them in the fit, as they were data collected without annealing. Near room-pressure, the steeper @V=@P, i.e. lower K 0T , is more consistent with a (magnesio)wüstite containing 2-5% vacancies (Zhang and Zhao, 2005; Jacobsen et al., 2002) . Projection of the high temperature data to a reference temperature of 300 K and associated residuals allows for visualization of goodness-of-fit (Eq. 12, Fig. 5A ).
As the Mw94 sample pellet in the buffered experiment also contained a mixture of NaCl, this buffered dataset was also fit using pressures given by the equation of state of B2-NaCl (Table 2) . When using pressures given by the equation of state of NaCl (Fei et al., 2007b) , the fitted V 0 ¼ 9:92 AE 0:03 Å 3 /atom, K 0T ¼ 199:8 AE 5:3 GPa, K 0 0T ¼ 2:67 AE 0:07, and c 0 ¼ 1:17 AE 0:06.
Dataset with no buffer
The equation of state of the unbuffered dataset (30-70 GPa) was fit using pressures given by the equation of state of B2-NaCl (Table 2) Consideration of the fitted parameters of the unbuffered dataset at face value may lead to unphysical conclusions about the equation of state of (Mg,Fe)O, often a concern of fitting a dataset with limited pressure-temperature range. Initial volume was not fixed in these fits due to the uncertainty of defect concentration, although the starting material measured volume gives a lower bound of 9.9 Å 3 /atom. Expected bulk moduli of iron-rich (Mg,Fe)O are closer to 180 GPa (Jacobsen et al., 2002) , while the buffered dataset fit produced a value around 190 GPa. Such factors can be used to inform the fitting routine in the form of a prior. When fitting the unbuffered dataset with a prior placed on K 0T of 190 ± 15 GPa, the resulting EOS parameters are V 0 ¼ 9:87 AE 0:03 Å 3 /atom,
¼ 2:89 AE 0:13, and c 0 ¼ 1:39 AE 0:11. This fit results in a slight increase in the reduced v 2 (0.23 compared to 0.20), a result of the penalty in using a prior (Eq. A.1). Given the limited pressure-temperature range of the unbuffered study compared to the buffered study, the equation of state fitted using such a prior on K 0T (Table 2 ) is favored. Caution should be used in extrapolating this EOS beyond the P-T conditions studied here. Fig. 4 shows the results from the unbuffered experiment, showing volume change of (Mg 0.06 Fe 0.94 )O as a function of pressure and temperature, using NaCl as a pressure marker. A visual comparison of the two fits (with and without a prior on K 0T ) can be seen in Fig. 6 showing that in the region of data coverage, the two fits agree with each other very well. (Fig. 2) .
In comparison to the phase diagram of FeO, we show that substitution of Mg into FeO expands the stability field of the rhombohedral phase with respect to the B8 phase.
Decomposition of the (Mg,Fe)O solid solution at high P-T conditions has been reported (Dubrovinsky et al., 2000) . More recently, (Mg 0.05 Fe 0.95 )O was found to decompose into B8 FeO and (Mg 0.06 Fe 0.94 )O in a diffraction pattern at 123 GPa, after heating up to 2800 K. This sample was also recovered to 1 bar for ATEM measurements and shown to have these two distinct phases (Ohta et al., 2014) . Such compelling evidence for a high P-T experiment on Mw95 at pressures around 70 GPa was not presented, although Mw95 was suggested to have decomposed (Ohta et al., 2014) . The starting composition we investigated in this study is one of their suggested reaction products, Mw94. Nevertheless, we searched our diffraction patterns for such evidence and do not see end member FeO in any of our diffraction patterns. It is possible that Mw94 (Table 1) . Pressures were determined using the equation of state of Fe (Dewaele et al., 2006; Murphy et al., 2011) . Gray diamonds show rhombohedral (Mg 0.06 Fe 0.94 )O at room temperature, and the black line is the 300 K fit to these data, reduced v 2 ¼ 1:07 (Eq. 12). Open circles: preheating data points at pressures determined by the equation of state of B1-NaCl (JCPDS 5-0628). Fitting residuals and data points projected to reference temperature of 300 K are shown in Fig. 5A . 
Equations of state for iron-rich (Mg,Fe)O
The isothermal bulk modulus K 0T resulting from the equation of state fitting to the high-PT data of the buffered and unbuffered data sets is at the upper end of that predicted for nearly stoichiometric (Mg,Fe)O (Jacobsen et al., 2002) . Previous work shows that the bulk modulus of (Mg,Fe)O decreases with increasing Fe content, from $160 GPa for the MgO end member to 150 GPa for Fe 0.95 O, likely due to increasing defect content. Conversely, stoichiometric examples show the opposite trend-bulk modulus increases with increasing Fe content, up to 180 GPa for stoichiometric FeO (Jacobsen et al., 2002) . All of our fits fall on the high side of this range of bulk moduli, but are admittedly not very well constrained by a compression study such as this one, with no annealed data at low pressure.
In Fig. 6 , we compare the data and thermal equations of state determined for the buffered and unbuffered experiments using their common internal pressure marker, the B2-NaCl pressure scale (Fei et al., 2007b ). We do not discern an effect of buffering the composition on the equation of state of the Mw94 sample investigated here.
As a more quantitative measure, two datasets can be compared by using one dataset's results as a prior on the other. When fitting the unbuffered dataset, using buffered values and associated error bars as priors, the resulting reduced chi-squared is 0.27 ± 0.06, not worse than that of the fit without said priors. As a result, the two datasets are not distinguishable in their overlapping P-T range. The values reported in Table 2 show that some of the fitted parameters are consistent within error bars, with the exception of K 0T and K 0 0T . A discrepancy in these two parameters, in turn, is not surprising, given the limited compression range of the unbuffered dataset, especially in the low pressure range where K 0T and K 0 0T are most tightly constrained.
In Fig. 7 , error ellipses showing the tradeoff between equation of state parameters K 0 0T versus c 0 and V 0 versus K 0T demonstrate the overlap in thermal EOS parameters between buffered and unbuffered datasets when using the same internal pressure marker (B2-NaCl).
Another assessment is the level of compatibility in the thermal EOS parameters between the buffered Mw94 experiment (this study) and that of wüstite (Fischer et al., 2011b) . As both experiments were conducted with an in situ Fe metal buffer/pressure marker, any measurable differences should be due to the incorporation of Mg into wüstite. When evaluating the buffered (Mg 0.06 Fe 0.94 )O dataset, using the FeO equation of state values from Fischer et al. (2011b) as priors (c ¼ 1:42ð5Þ; K 0T ¼ 149ð1Þ GPa; K 0 0T ¼ 3:60ð4Þ), the resulting reduced chi-squared increased from 1.07 to 1.74 ± 0.16, indicating that the two datasets are not compatible. Table 2 ).
Ã Dotted line denotes the fit of the unbuffered dataset with a prior on K0T .
From the equation of state parameters reported in Table 1 , the thermal expansion coefficient a at specified output temperatures can be computed (Eq. B.5) with uncertainties (Eqs. A.5, B.7). Fig. 8 shows the thermal expansion coefficient a (Eq. B.5) determined from the buffered dataset calculated at 1500 K and 3800 K over the pressure range 0-140 GPa. We chose the value of 3800 K, because the melting temperature of wüstite at core-mantle boundary conditions is suggested to be about 3900 K (Fischer and Campbell, 2010) . Also shown are the thermal expansion coefficients calculated for FeO which was measured up to 156 GPa and 3100 K (Fischer et al., 2011b ) and for MgO which was measured up to 196 GPa and 3700 K (Tange et al., 2009, Fit2-Vinet) . It is obvious from Fig. 8 that the thermal equation of state of buffered wüstite (Fischer et al., 2011a) and buffered Mw94 using hcp-Fe as a pressure marker in each study are significantly distinct, as we discussed earlier. With this consideration, together with the Mw94 fit quality (e.g., Fig. 5A ) and the parameter correlations Appendix (C), we conclude that Mw94 has measurably distinct thermoelastic properties compared with those of wüstite.
Sample stoichiometry
The collected Mössbauer spectrum of the starting material (Fig. 1, inset) was fit using CONUSS (Sturhahn, 2000) . A fit of a single The discrepancy between un-annealed low pressure data (0 to about 13 GPa, Fig. 3 ) and annealed high pressure measurements in the buffered experiment suggests a physical difference between cold-compressed and annealed iron-rich (Mg,Fe)O. As mentioned, the steeper slope is more consistent with a sample containing 2-5% vacancies (Zhang and Zhao, 2005; Jacobsen et al., 2002) . It has been proposed that vacancy concentrations in nonstoichiometric FeO-bearing samples are reduced with the exsolution of (Fe,Mg)Fe 2 O 4 at high pressure and temperature, ensuring the stoichiometry of the (Mg,Fe)O phase regardless of oxygen fugacity (Zhang and Zhao, 2005; McCammon et al., 1998) . It has also been proposed in the FeO end member that this exsolution occurs at the pressure of the magnetite to h-Fe 3 O 4 transition (Fei, 1996) .
It may be possible that this reaction proceeded at high temperatures in the unbuffered experiment, as the small, unidentified peaks may be attributed to a high pressure oxide phase such as h-Fe 3 O 4 , MgFe 2 O 4 or Fe 4 O 5 (Dubrovinsky et al., 2003; Lavina et al., 2011; Andrault and Bolfan-Casanova, 2001 ), Appendix E. The resulting consequences for sample chemistry are unclear. It could be possible that an exsolved oxide is either more, less, or equally iron-rich than the remaining material, leaving behind a sample that is less, more, or equally iron-rich to the starting composition. Similarly, we assume that the buffered experiment is Fig. 7 . Error ellipses of equation of state parameters of unbuffered (red, using a prior on K0) and buffered (blue) dataset of Mw94 using B2-NaCl as a pressure marker (Table 2) , assured by the lack of excess peaks. In the end member scenario, the assumption of 5% vacancies would create a sample enriched in iron in comparison to the unbuffered experiment. As mentioned previously, the buffered and unbuffered datasets were statistically similar to each other, but inconsistent with FeO, so we conclude that resulting chemical variation between the two experiments must be small.
Geophysical Implications
When extrapolated to the conditions near the core-mantle boundary, at 135 GPa and 3800 K (Tackley, 2012, e.g.) ). Fig. 9 shows the calculated density and bulk sound velocities at 3800 K of (Mg 0.06 Fe 0.94 )O, determined from the fitted thermal equation of state. Covariance among parameters is considered in the determination of uncertainty (see Appendix C). Also shown are density and bulk sound velocity of MgO (red dotted line, Tange et al. (2009), Fit2-Vinet) , wüstite (red dashed line, Fischer et al. (2011b) ), bridgmanite (blue dotted line, (Tange et al., 2012, Vinet Fit) ), calcium silicate perovskite (green dotted line, (Noguchi et al., 2013 , Model 1)), and the bulk mantle, represented by PREM (Dziewonski and Anderson, 1981) . Also shown at 135 GPa is the range of constrained density from seismic studies of ultralow-velocity zones (Rost et al., 2006) , which may contain iron-rich (Mg,Fe)O.
Iron-rich (Mg,Fe)O in solid form is denser than the silicatedominated lower mantle (MgSiO 3 ), but not as dense as the liquid Fe-alloy outer core (Fig. 9) . Our constrained value of a can thus be used in geodynamic models to compute the thermal buoyancy of iron-rich (Mg,Fe)O, for example to model the dynamics of ULVZs (e.g. Bower et al., 2011) . The bulk sound velocity of Mw94 is lower than both the lowermost mantle and the core.
Using geodynamic modeling, Bower et al. (2011) showed that chemical density anomalies of 2-8% produced ULVZs with a variety of reasonable ULVZ morphologies. In the future, these characteristic morphologies could be used to constrain composition with sufficient 2-d and 3-d seismic imaging. Other studies cite ULVZs of around 10% density anomaly (e.g. Rost et al., 2006) . If we assumed that a ULVZ was formed by entrainment of iron-rich material (such as Mw94) with ambient mantle, a 2-10% density anomaly could be explained by 4-20% volume fraction, respectively. To match ULVZ densities, a smaller(larger) volume fraction would be required for mixing (Mg,Fe)O with a greater(smaller) Fe content.
The relative density of iron-rich (Mg,Fe)O compared to its surroundings may also be useful when interpreting seismic signatures on the core side of the core-mantle boundary, which could be a reservoir of solid precipitates on the top of the core (Buffett et al., 2000) . These precipitates can aid as a diffusion barrier between the core and the mantle, and thus far display seismic signatures that have been difficult to distinguish from similar features on the mantle side.
Summary
We have determined the P-V-T equation of state of (Mg 0.06 Fe 0.94 )O in two distinct sets of experiments: one with an Fe oxygen fugacity buffer and one without Fe. Considering the covariance of the fitted equation of state parameters using the seos module in the MINUTI software package, we have determined the level of compatibility between the buffered and unbuffered data sets of Mw94, as well as between Mw94 and wüstite, using the same pressure indicators. We find that the addition of small amounts of Mg causes measurable affects on the thermoelastic properties of wüstite.
We see a clear difference in the location of the phase boundary between cubic and rhombohedral iron-rich (Mg,Fe)O at high pressure and temperature, compared with previous studies. Unlike Kondo et al. (2004) , we do not find rhombohedrally-structured iron-rich (Mg,Fe)O in our high temperature measurements. In addition, we also do not find the B8 structure in our high temperature measurements, indicating that Mg stabilizes the cubic phase upon substitution into FeO (Fischer et al., 2011b) .
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Appendix A. Parameter fitting
Here we describe the details of the thermal equation of state parameter fitting. These details are also provided in the complete manual to MINUTI, provided by Sturhahn (2015) . The input data for the seos executable in MINUTI are specified as N sets fp i ; V i ; T i ; dp i ; dV i ; dT i g consisting of pressure, volume, temperature, and their uncertainties. The EOS is fitted to these data by variation of n parameters fx j g by minimizing the normalized mean-square deviation (method of weighted least squares), with the reduced
ðA:1Þ
Some number p of the fit parameters may have priors X k with uncertainties dX k . The weights w i are determined by uncertainties of the data via
where K i and a i are bulk modulus and thermal expansion calculated from the EOS at fp i ; T i g, respectively. If data and priors constrain the fit parameters reasonably well a solution with minimal v 2 is obtained. These optimal parameters have errors related to data variation and prior uncertainties. The errors are estimated as variances (square errors) by
where r jj 0 is the covariance matrix and ½. . . À1 denotes matrix inversion. The derivatives are calculated with the optimal parameters. The fit-parameter correlation matrix is given by
The variance of a function F of the fit parameters can be calculated as
The fit-parameter correlation matrix for each fitting result is reported in Appendix (C).
Appendix B. EOS parameters and their uncertainties
The isothermal bulk modulus is calculated by direct differentiation of the EOS
Kðp; TÞ
ðB:1Þ
The seismic velocity is calculated via Table C .3 Correlation matrix from the EOS fit of B1-Mw94 in the buffered experiment using Fe as a pressure marker (Table 1) . Table C .4 B1-Mw94 in the buffered experiment using NaCl as a pressure marker (Table 2) . Table C .5 Rhombohedrally-structured Mw94 (r-Mw94) in the buffered experiment at 300 K, using Fe as a pressure marker (Table 1) .
À0.843 1.000 Table C .6 B1-Mw94 in the unbuffered experiment using NaCl as a pressure marker (Table 2) . Table C .7 B1-Mw94 in the unbuffered experiment using NaCl as a pressure marker, with K0T = 190 ± 15 GPa as a prior (Table 2) . )O volumes were refined using at least three of the following four reflections: 1 1 1, 2 0 0, 2 2 0, and 3 1 1. hcp-Fe volumes were calculated using at least 6 of the following 8 reflections: 1 0 0, 2 0 0, 1 0 1, 1 0 2, 1 1 0, 1 0 3, 2 0 0, and 1 1 2. B2-NaCl volumes were refined using at least 5 of the 6 following reflections: 1 0 0, 1 1 0, 1 1 1, 2 0 0, 2 1 0, and 2 1 1. Ne volumes were calculated from at least one of the two reflections: 1 1 1, 2 0 0. Dewaele et al. (2006) and Murphy et al. (2011) . b Pressure was determined from the equation of state of B2-NaCl (Fei et al., 2007b) . c Pressure was determined from the equation of state of Ne (Dewaele et al., 2008). d No error bar is given due to too few reflections. Temperature uncertainties in this table reflect the standard deviation (note that these values were not used in the EOS fitting; rather, an error of ±70 K was used, which reflects our reported error of ±100 K and a correction to mitigate the over-propagation of temperature error into the fitting of volume expansion and thermal pressure, which are negatively correlated). In the fitting procedure of seos, the correlation matrices are provided for all fitted parameters (Eq. A.4). The resulting correlation matrices from the fitting of the four different data sets from the two experiments (buffered and unbuffered) are reported here (see Tables C.3 
Appendix E. Unexplained peaks
As described in the text, weak unexplained peaks were observed in our unbuffered dataset (Fig. 1) . It has been proposed that vacancy concentrations in non-stoichiometric FeO-bearing samples are reduced with the exsolution of (Fe,Mg)Fe 2 O 4 at high pressure and temperature, according to ðMg x Fe y ÞO ! aðMg x 0 Fe 1Àx 0 ÞFe 2 O 4 þ bðMg x 00 Fe y 00 ÞO ðE:1Þ
where ðx 00 þ y 00 Þ > ðx þ yÞ, ensuring the stoichiometry of the (Mg,Fe)O phase regardless of oxygen fugacity (Zhang and Zhao, 2005; McCammon et al., 1998; Fei, 1996) .
In Fig. 10 , measured XRD patterns are compared to candidate oxides measured in other studies. As the exact chemical composition of the Mw94 at the P-T conditions sampled in this study is not known, it could be possible that the unidentified peaks belong to a phase with composition (Mg,Fe) 3 O 4 , but they do not match that of MgFe 2 O 4 or h-Fe 3 O 4 . They are consistent, however, with peaks of Fe 4 O 5 . We do not see any of the remaining several peaks predicted for Fe 4 O 5 , the most intense of which fall under ours (8 degrees), which may rule it out as a potential candidate. More dedicated studies need to be carried out to precisely determine both the a Pressure was determined from the equation of state of B2-NaCl (Fei et al., 2007b) . b Pressure was determined from the equation of state of Ne (Dewaele et al., 2008) . c No error bar is given due to too few reflections. Temperature uncertainties in this table reflect the standard deviation (note that these values were not used in the EOS fitting; rather, an error of ±70 K was used, which reflects our reported error of ±100 K and a correction to mitigate the over-propagation of temperature error into the fitting of volume expansion and thermal pressure, which are negatively correlated). composition, identity, and phase relations of exsolution products before definite claims can be made.
